. These pathways are widely trophil cytosol. It is an abundant, 185 kDa guanineimportant and underpin responses such as lamellipodia nucleotide exchange factor (GEF), which we cloned formation and associated membrane ruffling and possiand named P-Rex1. The recombinant enzyme has Racbly ROS formation. Despite this, the mechanisms by GEF activity that is directly, substantially, and synerwhich type 1 PI3Ks and/or PtdIns(3,4,5)P 3 can activate gistically activated by PtdIns(3,4,5)P 3 and G␤␥s both Rac are unclear in many cellular contexts. This is partly in vitro and in vivo. P-Rex1 antisense oligonucleotides a consequence of the fact that no Rac-GEFs have been reduced endogenous P-Rex1 expression and C5a-purified and identified on the basis of their activity and, stimulated reactive oxygen species formation in a neurelevantly here, from a cellular context that displays trophil-like cell line. P-Rex1 appears to be a coinci-PI3K-dependent activation of Rac. On the basis of studdence detector in PtdIns(3,4,5)P 3 and G␤␥ signaling ies subsequent to their original discovery and characterpathways that is particularly adapted to function ization, four subgroups of the currently known Rac-GEFs downstream of heterotrimeric G proteins in neutrohave been claimed to be regulated in a PI3K-dependent phils.
, and GTP bound but not GDP bound Rac mation but acted synergistically when added together ( Figure 1A ). These effects were all inhibited by the potent can both bind p67 phox and p91 phox and activate PAK kinases that are claimed to phosphorylate p47 and p67 phox PI3K inhibitor wortmannin, suggesting they were the result of PI3K activity, although we noted that the effects (Babior, 1999). However, some work suggests that receptor-stimulated ROS formation can occur without acof G␤␥s alone were surprisingly less wortmannin sensitive. Addition of chemically synthesized phosphotivation of Rac (Geijsen et al., 1999), implying basal levels of GTP-Rac are sufficient, or simply not necessary, for inositides in the form of liposomes showed that the biological diastereoisomer of PtdIns(3,4,5)P 3 could posome regulatory mechanisms.
There is evidence that PI3Ks play a key role in neutrotently activate ROS formation ( Figure 1B) . The stereoselectivity of these results suggests these effects are phils in mediating signaling between activation of G protein-linked receptors and stimulation of ROS formation.
not the result of a physico-chemical property of the added PtdIns(3,4,5)P 3 and support the results obtained Type 1B PI3K nullizygotes fail to produce, and PI3K inhibitors block, ROS formation in response to inflammaabove where the PI3K phosphorylates membrane lipids and hence creates membrane-localized lipid products. tory mediators (Condliffe and Hawkins, 2000 The identity of the Rac-GEF(s) that is (are) involved in N17-Rac1. This treatment significantly inhibited p101/ p110␥-PI3K-and G␤␥-mediated activation of ROS forreceptor-stimulated activation of Rac and/or ROS formation in neutrophils remain unknown. In the context mation ( Figure 1A ). Further increases in N17-Rac1 concentration did not result in any greater inhibition (not of the distributions and properties of the known RacGEFs and the types of receptors that can drive ROS shown). PtdIns(3,4,5)P 3 -stimulated ROS formation was also inhibited by N17-Rac1, although less efficiently than formation, it seems plausible that Vav and/or Sos proteins could be downstream of the protein-tyrosinefor PI3K-stimulated ROS formation (mean of 35%, data not shown). linked receptors while there are no clear candidates for a similar role downstream of the G protein-linked
The above data suggest that Rac can act downstream of p101/p110␥-PI3K, G␤␥, and PtdIns(3,4,5)P 3 in stimulareceptors.
tion of ROS formation in these assays. We tested whether purified, recombinant, lipid-modified Rac could Results stimulate ROS formation. GTP␥S-Rac1 stimulated ROS formation substantially more effectively than GDP-Rac1 PI3K-, G␤␥-, and PtdIns(3,4,5)P 3 -Regulation or GTP␥S-treated N17-Rac1 ( Figure 1D ). The implication of Rac Activation and ROS Formation of this result is that activation of Rac can be sufficient Mixtures of cytosol and low-density membranes from to stimulate ROS formation. However, this is in the conneutrophils can be stimulated to produce ROS by the text of complex mixtures of neutrophil cytosol and memaddition of amphiphiles such as SDS and arachidonic brane fractions and hence, these effects may in fact acid. We tested the idea that type 1 PI3Ks could operate depend on other signals. The PtdIns(3,4,5)P 3 -dependent upstream of ROS formation by adding combinations Rac1 activation we observed in this system suggested of purified, recombinant p101/p110␥-PI3K and purified to us that this effect is mediated by PtdIns(3,4,5)P 3 -G␤␥s (either recombinant SF9-derived G␤ 1 ␥ 2 or bovine sensitive Rac-GEF(s) present in either the neutrophil cybrain G␤␥s, both of which can substantially activate tosol or membrane fractions. p101/p110␥-PI3K) in the presence of MgATP and GTP. We have shown previously that under similar conditions PtdIns(3,4,5)P 3 , PtdIns(3,4)P 2 , and PtdIns3P are synthePurification of a PtdIns(3,4,5)P 3 -Sensitive Rac-GEF from Neutrophil Cytosol Fractions sized in these assays (Pacold et al., 2000) . Although the assays contain endogenous PI3Ks and G␤␥s, the added
We found the PtdIns(3,4,5)P 3 -stimulated Rac-GEF activity was recovered in cytosol fractions and attempted to recombinant proteins independently activated ROS for- The P-Rex1 protein sequence is 1659 amino acids We expressed P-Rex1 with an N-terminal EE-tag in SF9 cells. The protein expressed well and could be purified long, predicting a protein of 185 kDa, and harbors all five tryptic peptides obtained from the purified pig enzyme to greater than 95% purity in one step using a monoclonal anti-EE antibody crosslinked to protein G seph-( Figure 3A) . The protein contains a tandem DH/PH domain typical of Rho family GEFs, two DEP and two PDZ arose. Recombinant P-Rex1 displayed PtdIns(3,4,5)P 3 -sendomains, and significant similarity over its C-terminal half to Inositol Polyphosphate 4-Phosphatase (Fig- sitive Rac-GEF activity very similar to that of the purified protein. We tested the specificity of P-Rex1 for various ure 3B).
We have studied P-Rex1 mRNA expression by probRho family GTPases and Rac proteins that were with or without posttranslational lipid modifications or carried ing human multiple-tissue Northern blots from Clontech with a probe made from 673 bp of the P-Rex1 coding different epitope tags. P-Rex1 displayed similar PtdIns(3,4,5)P 3 -sensitive activity against Rac1, Rac2, sequence. The Northern blots revealed a major band of approximately 6 kb, which is consistent with the exand CDC42 and low activity against RhoA ( Figure 4C) . Interestingly, the Rac1 protein did not need to be lipid pected size of full-length P-Rex1 mRNA, and a minor band just below. They show that P-Rex1 is expressed modified to serve as a substrate in the context of these assays ( Figure 4C ). mainly in peripheral blood leukocytes and brain, less in spleen and lymph nodes, and much weaker in most Further analysis of the Rac-GEF activity of P-Rex1 showed that PtdIns(3,4,5)P 3 had a 50% maximal effect other tissues ( Figure 4A) .
We transiently expressed P-Rex1 with an N-terminal at 0.3 M (Figure 5A ), at which concentration P-Rex1 was significantly selective for the biological D-diastethese lipid preparations activate PKB completely stereospecifically and PDK-1 with equivalent partial selectivity reoisomer of PtdIns(3,4,5)P 3 compared to its other diastereoisomers ( Figure 5B ). When different phospho-(Stephens et al., 1998). We assume this reflects a fatty acid-sensitive interaction between the phosphoinosiinositides were compared at 10 M, P-Rex1 was still selective for PtdIns(3,4,5)P 3 , with a weak activation by tides and the proteins that bind them. We have analyzed the interaction between soluble the biological diastereoisomer of PtdIns(3,4)P 2 , but not by other phosphoinositides (Figure 5B ). We observed P-Rex1 and PtdIns(3,4,5)P 3 -or PtdIns(3,4)P 2 -containing phospholipid vesicles, immobilized on a dextran-coated that P-Rex1 was activated by dipalmitoyl PtdIns(3,4,5)P 3 in an apparently more stereo-selective fashion than by L1 gold chip, utilizing surface plasmon energy transfer technology (Biacore). P-Rex1 binding to phospholipid stearoyl-arachidonyl lipids. We have observed a similar effect with ARAP3 (Krugmann et al., 2002) ; however, vesicles was substantially augmented by the inclusion of PtdIns(3,4,5)P 3 and to a lesser extent by PtdIns(3,4)P 2 inhibited by prebinding with purified GDP bound G␣ and, in the case of the recombinant G␤␥s, dependent ( Figure 5C ). The presence of PtdIns(3,5)P 2 , PtdIns(4,5)P 2 , PtdIns3P, PtdIns4P, or PtdIns5P in the phospholipid on their posttranslational lipid modifications ( Figure 5E ). G␣ alone or in the presence of AlF did not activate vesicles increased P-Rex1 binding only weakly. These results are consistent with the idea that PtdIns(3,4,5)P 3 P-Rex1 Rac-GEF activity. It should be noted that cholate (the detergent we use in the storage buffer for our prepahas a direct effect on P-Rex1 in our assay rather than indirect effect by, for example, influencing the distriburations of G␤␥s and G␣ proteins) strongly inhibits P-Rex1 Rac-GEF activity; consequently, the scale of tion of Rac or the ability of Rac to interact with P-Rex1.
Although we had no direct assay data to support the the effects of G␤␥s in an experiment are a combined function of the G␤␥ and the total cholate concentrations. possibility that G␤␥s could activate P-Rex1 directly, the presence of the DEP domains, which commonly occur We tested the effects of combinations of G␤␥s and PtdIns(3,4,5)P 3 ( Figure 5F ). P-Rex1 was activated synerin proteins that interact with heterotrimeric G-proteins, and our earlier results with neutrophil cytosol/membrane gistically by G␤␥s and PtdIns(3,4,5)P 3 , suggesting that their effects are mediated via distinct mechanisms. mixtures encouraged us to test the effects of G␤␥s on P-Rex1 Rac-GEF activity. Pure G␤␥s from bovine brain and prepared as recombinant EE-G␤ 1 ␥ 2 from coinfected PtdIns(3,4,5)P 3 -and G␤␥-Dependent Activation of Rac by P-Rex1 In Vivo SF9 cells both activated P-Rex1 Rac-GEF activity in vitro (Figures 5D and 5E ). The effects of G␤␥s were
To address questions about the selectivity of P-Rex1 for Rac versus CDC42 in cells and the physiological abolished by preheating (95ЊC for 30 min), substantially significance of the effects of G␤␥s and PtdIns(3,4,5)P 3 PtdIns(3,4,5)P 3 and GTP-Rac clearly showed that Rac activation in the presence of G␤␥s and PI3K was subwe have observed in the test tube, we prepared the relevant baculoviruses to allow us to study the actstantially bigger than could be accounted for by the increase in PtdIns(3,4,5)P 3 alone ( Figure 6C ). ivation of endogenous Rac and CDC42 in SF9 cells. We found that SF9 cells infected with baculoviruses driving P-Rex1, p101/p110␥-PI3K, and G␤ 1 ␥ 2 production P-Rex1 Induces a Phenotype Like Constitutively Active Rac in PDGF-Stimulated PAE Cells showed substantial increases in the levels of endogenous GTP-Rac but no change in the levels of endogeWe sought evidence that P-Rex1 can be regulated by signaling pathways downstream of cell-surface recepnous GTP-CDC42, suggesting that in vivo P-Rex1 acts as a Rac-GEF ( Figure 6A) . Furthermore, the pattern of tors and act as a Rac-GEF in mammalian cells. We used a porcine aortic endothelial (PAE) cell line that stably activation of Rac by p101/p110␥-PI3K and G␤ 1 ␥ 2 was consistent with our in vitro results, showing synergistic overexpresses the PDGF␤ receptor. In these cells, PDGF stimulates PtdIns(3,4,5)P 3 accumulation, wortactivation of P-Rex1 Rac-GEF activity (Figures 6A and  6B) . Although coexpression of PI3K and G␤␥ led to sigmannin-sensitive activation of Rac, and Rac-dependent membrane ruffling and lamellipodia formation, and stanificantly higher PtdIns(3,4,5)P 3 production than PI3K expression alone, direct comparison of the increases in ble overexpression of constitutively active V12-Rac 
Is Dependent on P-Rex1
We treated a promyelocytic cell line (NB4) with retinoic bution of myc-P-Rex1 were analyzed by indirect immunofluorescence microscopy ( Figure 7B ). In unstimulated acid and either phosphorothioate antisense oligonucleotide targeted against P-Rex1 or a randomized control cells, P-Rex1 localization was mainly cytosolic, although some seemed plasma membrane bound, and the cells oligonucleotide. After 2 days, both populations of cells had differentiated normally and displayed indistinguishhad the typical basal shape. However, in about 30% of unstimulated cells, P-Rex1 expression resulted in the able MapK activation in response to C5a ( Figure 8C ) and expression of ␤-COP (not shown). In contrast, in formation of strongly exaggerated lamellipodia (fried eggs) that appeared identical to those induced by conthe antisense-treated cultures specifically, the levels of P-Rex1 fell by 80%-85% ( Figure 8B) , and C5a-stimustitutively active V12-Rac. The proportion of cells showing the V12-Rac-like phenotype was reduced in cells lated ROS formation fell by about 40%-45% ( Figure 8A ). treated with wortmannin ( Figures 7B and 7C) , suggesting that it was induced by basal PI3K activity. PDGF P-Rex1 Has No Obvious Inositol Polyphosphate 4-Phosphatase Activity stimulation resulted in a wortmannin-sensitive increase of V12-Rac-like phenotype to 80% of P-Rex1-expressing Finally, as the C-terminal half of P-Rex1 has substantial homology with Inositol Polyphosphate 4-Phosphatase, cells. This phenotype was specific to P-Rex1-positive cells and not induced by DAPP1 in parallel experiments. In we attempted to determine whether the protein possessed Inositol Polyphosphate 4-Phosphatase activity cells showing the V12-Rac-like phenotype, P-Rex1 localization was still mainly cytosolic, but there was signifiusing 32 P-PtdIns(3,4,5)P 3 and 32 P-PtdIns(3,4)P 2 as substrates and Inositol Polyphosphate 4-Phosphatase and cant costaining with the subcortical actin ring at the edge of the lamellipodia and a small variable accumula-SHIP-1 as controls. We also used paranitrophenolphosphate as a broad spectrum substrate in a protein phostion of P-Rex1 in the plasma membrane. However, the plasma membrane translocation was weaker and less phatase assay, using calf intestinal alkaline phosphatase and MEG-2 tyrosine phosphatase as controls. At clear than for DAPP1 in parallel experiments. Similar experiments, in which we examined the distribution of P-Rex1 concentrations of up to 1.45 M and 192 nM, respectively, in these assays, the enzyme exhibited no GFP-tagged P-Rex1 in control and PDGF-stimulated PAE cells by live imaging with a scanning confocal milipid or protein phosphatase activity. croscope, gave the same results (not shown). Therefore, although PI3K activation does not cause a large-scale Discussion translocation of P-Rex1 to the plasma membrane, it is sufficient to induce strong P-Rex1-mediated lamelliTo our knowledge, no Rho family or Ras family GEFs have been successfully purified and identified on the podia formation. These results suggest that P-Rex1 can act as a Rac-GEF and can be regulated by signaling basis of their GEF activity. In the case of the Rac-GEFs, this means that activities in lysates or those involved in vesicles. However, P-Rex1 does not substantially translocate from the cytosol to the sites of PtdIns(3,4,5)P 3 accuspecific signaling events have only rarely been attributed to a specific GEF and further, that the contributions mulation in vivo; rather, the enzyme is partially localized to the membrane in serum-starved cells. The implication any GEF makes toward total cellular GEF activities are unclear. We have resolved neutrophil cytosol by chroof these results is that PtdIns(3,4,5)P 3 is able to activate the enzyme by inducing a catalytically significant conmatography on Q-Sepharose and found a major peak of PtdIns(3,4,5)P 3 -sensitive Rac-GEF activity (in the formational shift or by reorientating P-Rex1 at the membrane surface rather than by targeting it to the mempresence of PtdIns(3,4,5)P 3 , it represented about 65% of total Rac-GEF activity), which we have purified, brane. This is totally compatible with the emerging view of the role of the PH domain in the tandem DH/PH docloned, and named P-Rex1. P-Rex1 is a surprisingly abundant protein, about 0. . In other cellular contexts, perhaps in the more, a small (about 40% above control) effect of G␤␥ on brain, it is easy to imagine that P-Rex1 could be relevant Rac-GEF activity in neutrophil lysates has been reported in the detection of specific patterns of signaling that (Arcaro, 1998). P-Rex1 is an example of a Rac-GEF that deliver coincident activation of type 1A PI3Ks and actican be activated directly by G␤␥. The ability of G␤␥s vation of G i /G o proteins. This type of regulation could and PtdIns(3,4,5)P 3 to synergistically activate P-Rex1 suggests that these regulators can bind simultaneously be particularly significant in forming or strengthening and 36 clones of varying lengths, respectively. In parallel, PCR prim
